Muscle contraction involves the interaction of the myosin heads of the thick filaments with actin subunits of the thin filaments. Relaxation occurs when this interaction is blocked by molecular switches on these filaments. In many muscles, myosin-linked regulation involves phosphorylation of the myosin regulatory light chains (RLCs). Electron microscopy of vertebrate smooth muscle myosin molecules (regulated by phosphorylation) has provided insight into the relaxed structure, revealing that myosin is switched off by intramolecular interactions between its two heads, the free head and the blocked head. Three-dimensional reconstruction of frozen-hydrated specimens revealed that this asymmetric head interaction is also present in native thick filaments of tarantula striated muscle. Our goal in this study was to elucidate the structural features of the tarantula filament involved in phosphorylation-based regulation. A new reconstruction revealed intraand intermolecular myosin interactions in addition to those seen previously. To help interpret the interactions, we sequenced the tarantula RLC and fitted an atomic model of the myosin head that included the predicted RLC atomic structure and an S2 (subfragment 2) crystal structure to the reconstruction. The fitting suggests one intramolecular interaction, between the cardiomyopathy loop of the free head and its own S2, and two intermolecular interactions, between the cardiac loop of the free head and the essential light chain of the blocked head and between the Leu305-Gln327 interaction loop of the free head and the N-terminal fragment of the RLC of the blocked head. These interactions, added to those previously described, would help switch off the thick filament. Molecular dynamics simulations suggest how phosphorylation could increase the helical content of the RLC N-terminus, weakening these interactions, thus releasing both heads and activating the thick filament.
Introduction
Striated muscle is formed by two sets of overlapping filaments, the thick myosin-containing filaments and the thin actin-containing filaments. During contraction, the two sets actively slide past each other, shortening the sarcomere. The myosin heads are helically ordered on the backbone of relaxed thick filaments. When filaments are activated, the heads detach from the backbone and become disordered. Sliding force is produced when these heads cyclically attach to and pull on the thin filaments. 1 Contraction of most muscles is regulated via Ca 2+ -controlled molecular switches located on either or both sets of filaments. 2 While the mechanism of actin-linked regulation by troponin and tropomyosin is well understood, 3, 4 our knowledge on the mechanism of myosin-linked regulation is less complete. 5, 6 It can occur by direct Ca 2+ binding to the essential light chains (ELCs; see below) 5 (scallop striated muscle) or by regulatory light chain (RLC) phosphorylation (invertebrate striated muscle 7, 8 and vertebrate smooth muscle 9 ). While RLC phosphorylation occurs in many muscles, its functional importance varies. In the case of vertebrate striated muscle, for example, phosphorylation appears to modulate contraction, but it is not essential for activity. 6 Myosin contains two heavy chains and two pairs of light chains (the ELC and the RLC). 10, 11 One RLC and one ELC are noncovalently bound to the heavy-chain α-helix in the lever arm of each myosin head, 10 stabilizing it and forming the regulatory domain. 11, 12 The RLC has two domains 9 connected by a "linker helix" and an N-terminal fragment (NTF) or extension; all are important for regulation. The NTF varies in length, depending on species, and includes phosphorylation sites. While the NTF is absent from S1 crystal structures, 10 its structure has emerged from EPR of smooth muscle myosin; 13 revealing that it acts as a distinct phosphorylation domain, changing from solvent inaccessible and weakly helical when unphosphorylated to solvent accessible with helical order and increased rotational mobility when Ser19 is phosphorylated. Electron microscopy (EM) of chicken smooth muscle myosin [14] [15] [16] [17] revealed that, in the switched-off state (dephosphorylated), the two heads establish an asymmetric "interacting-head" structure in which actin binding activity of one head ("blocked") is sterically blocked by binding of its actin binding interface to the converter domain of the other head. Actin binding activity of this head is not blocked (it is therefore called the "free" head), while its ATPase activity is inhibited, by prevention of converter movements needed for phosphate release. In addition to interaction between the two motor domains, there is also an interaction between the blocked-head motor domain and the free-head ELC. This interacting-head structure, deduced from twodimensional crystals [14] [15] [16] and single-molecule 17 studies, has also been shown to be present in native thick filaments of tarantula striated muscle. 18 It is therefore not an artifact of myosin isolation. In the filament, three additional interactions are seen: 18 one intramolecular interaction between the blocked head and its subfragment 2 (S2); subsequently also seen in single-molecule studies 17 and two intermolecular interactions between the blocked-head SH3 domain and the S2 from its axially adjacent neighbor as well as between the blocked-head ELC and the axially neighboring free-head motor domain. The interacting-head motif has now been observed in other isolated myosin molecules (scallop, 19 tarantula, Limulus, and mouse skeletal and cardiac muscles 20 ) and in thick filaments from mouse cardiac muscle, 21 Limulus and scallop striated muscle, 22 and scorpion striated muscles (Sanchez et al., unpublished results), supporting the concept 18, 23, 24 that this motif is highly conserved and underlies the relaxed state of thick filaments in both smooth and striated muscles over a wide range of species.
When regulated, thick filaments are activated by phosphorylation of their RLCs, the interaction between the heads is broken, 14, 16 and the heads are released from the filament surface, becoming disordered. 8, 25, 26 Breakage of the interaction could occur through a disorder-to-order transition of the phosphorylation domain, 13 apparently by establishing an Arg16-Ser19 salt bridge, 27 a sequence known to be essential for regulation by Ser19 phosphorylation. 28 Our goal in this study was to elucidate the mechanism by which phosphorylation-induced changes in the RLC activate the thick filament by releasing the heads from each other and from the filament surface so that they can interact with the thin filament. To achieve this, we calculated a new threedimensional map of tarantula filaments that better defines the RLC region, revealing two new interactions with functional significance. We propose a mechanism to explain how RLC phosphorylation weakens these inhibitory head interactions, releasing them so they can interact with the thin filament.
Results
Three-dimensional reconstruction of frozen-hydrated tarantula thick filaments
We carried out a new three-dimensional reconstruction of tarantula filaments by the iterative helical real-space reconstruction (IHRSR) technique, using an initial reference viewed at 0°or tilted up to ± 12°, to account for possible filament tilt in the images (see Materials and Methods). [29] [30] [31] The reconstruction was more detailed, clearly showing two new interactions in addition to those seen previously 18 (see Introduction)-an intramolecular density ("a" in Fig. 1 ) between the motor domain of the free head and its own S2 and an intermolecular density ("b" in Fig. 1 ) between the RLC of the blocked head and the motor domain of the free head of the axially adjacent molecule.
We carried out atomic fitting to aid in the interpretation of these interactions. With the use of the atomic model determined previously, 18 part of the RLC volume is not filled ("b" in Fig. 1) . A simple explanation is that the atomic model used 18 had a smaller RLC than tarantula. The molecular mass of the tarantula RLC has been reported to be 26 kDa, 8 whereas the chicken smooth muscle RLC 32 used is only 20 kDa. To determine whether this difference could account for the extra volume, we determined the sequence of the tarantula striated muscle RLC and performed an improved atomic fitting of the three-dimensional map.
Sequence of tarantula RLC
We cloned the RLC gene of the tarantula Avicularia avicularia from RNA isolated from the flexor metatarsus longus striated muscle of the legs. The sequence consists of 196 aa and has a molecular mass of 21,679.2 Da, including a 52-aa NTF (Fig. 2) . This is about 4 kDa smaller than the 26 kDa estimated by SDS-PAGE 8 and about 2 kDa bigger than the 20 kDa of the smooth muscle RLC. 32 The NTF molecular mass of 5671.4 Da, about one-quarter of the RLC molecule, is absent from the RLC atomic structure used for the previous fitting. 18 A histogram of the amino acid length of the NTFs from the reported 110 RLC amino acid sequences ( Supplementary Fig. 1 ) shows that these fragments can be either short (8-27 aa, 100 species) or long (43-61 aa, 10 species) (Fig.  3a) , as in tarantula. In almost all reported RLC sequences with short NTFs, the putative phosphorylatable serine is located in the same homologous position with a closely similar myosin light-chain kinase (MLCK) consensus sequence, 44 KKRXXSXBB (where "X" is any amino acid and "B" is any hydrophobic amino acid A, V, F, I, or L). Tarantula myosin has two phosphorylation sites, 46 and mass spectrometry studies show that the first site phosphorylated is Ser35 and the second is Ser45 and that some basal (mono-)phosphorylation occurs (at Ser35) even in relaxed filaments (Brito et al., unpublished results). The agreement with the MLCK consensus region (Fig. 2) is better for Ser45 than for Ser35. In common with tarantula, all the RLC sequences with long NTFs (Fig. 3a) have one serine homologous to Ser45, which is located inside an MLCK consensus region, 44 and all but one (Riftia) have an additional putative phosphorylatable serine located within ±1 aa of the homologous Ser35 tarantula position.
Predicted atomic structure of the tarantula RLC As the crystallographic structure of the tarantula RLC has not been solved, we attempted to predict its tertiary structure using homology modeling methods on the basis of known template structures 33 with the sequence we have determined (see Materials and Methods). The predicted structure consists of three domains (Fig. 4) . Domains 1 and 2 each comprises two EF-hand helix-loop-helix motifs, so that there are four helices A-D in domain 1 and four helices E-H in domain 2 connected by a linker helix (cf., Ref. 9). The known divalent cation (Ca 2+ or Mg 2+ ) binding site in the chicken skeletal RLC is located in the first EF motif (helices A and B) 10 (although sequence analysis suggests that this is nonfunctional as a cation binding site in tarantula; Zhu et al., unpublished results). Domain 3, or the "phosphorylation domain," 13 comprises the NTF, whose structure cannot be predicted using such homology methods because the NTF has not been reported in any myosin crystallographic studies. Therefore, we used programs to predict its secondary structure (Fig. 2) . These algorithms predicted 10 helical regions for the complete RLC sequence, with 8 of them confirming helices A-H as revealed in the X-ray structure 10 and 2 (helices L and P; Figs. 2 and 4) located in the NTF domain, in agreement with previous predictions. 27 Helix L is rich in positively charged Lys residues and is connected through a Pro-Ala repeat linker to the phosphorylation helix P, which contains the two phosphorylatable serines, Ser35 and Ser45. This NTF secondary structure (Fig. 2 ) was used to predict the structure of domain 3 using the ab initio tertiary structure predictor PredictProtein server. 33 As shown in Fig. 4 , helix L, the linker, and helix P of the final predicted domain 3 comprised Asp3-Gly21, Gly22-Pro33, and Pro34-Gln41, respectively.
Interacting-head atomic model
The Wendt et al. 15 heavy meromyosin (HMM) atomic model included an S2 domain, but this was arbitrarily positioned as its density was not directly visible in the reconstruction. In contrast, in our previous three-dimensional reconstruction, 18 a clear rod-like volume of density, running from the junction of the light-chain domains toward the filament backbone, was identified as the first portion of the myosin S2 tail. For the present work, we used an initial model for atomic fitting comprising the refined chicken smooth muscle structure as determined by cryo-EM 16 ( Fig. 5a ) and the human cardiac S2 crystal structure 45 ( Fig. 5c ) (see Materials and Methods). The intervening amino acids connecting them were energy minimized using molecular dynamics (MD; Fig. 5a ; see Materials and Methods). We replaced the RLC with the tarantula RLC-predicted atomic structure including the NTF (Fig. 4) . The complete initial hybrid model used for atomic fitting is shown in Fig. 5a . The sequence numbering used in this work is that corresponding to chicken 16 for both HMM heavy chains, including in this numbering the S2 sequence (which is from humans 45 ) and the tarantula (Fig. 2) for the RLC.
Atomic fitting of the interacting-head atomic model to the three-dimensional reconstruction
The atomic model described above was flexibly fitted to the volume comprising the interacting heads ( Fig. 1 ) of the three-dimensional map using Situs 47 (see Materials and Methods). The best fitting achieved using 31 positional markers (Fig. 5a ) is shown in Fig. 5b . The fitting reveals details of the two new interactions described above (in addition to those described previously 18 ), an intramolecular interaction between the free-head motor domain and its S2 ("a" in Figs. 5b and 6a and b) and an intermolecular interaction between the RLC of the blocked head and the motor domain of the axially adjacent free head ("b" in Figs. 5b and 6a and b) . The Fig. 2 . The first line shows the amino acid sequence of tarantula RLC. The 52-aa NTF is underlined. Lines 2-12 show the prediction of secondary structure using the programs PROFsec, 33 JPRED, 34 PSIPRED, 35 HNN, 36 SAM, 37 SOPMA, 38 Sspro, 39 HMMSTR, 40 NNPred, 41 3D_PSSM, 42 and PHYRE. 43 All programs predicted 10 helices, with A-H corresponding to four EF-hand motifs 10 and L and P located in the NTF. Helix L, rich in positively charged Lys residues, is connected through a Pro-Ala repeat coil linker to the phosphorylation helix P, containing the two phosphorylatable serines (in red: Ser35 and Ser45), each located in an MLCK consensus sequence 44 (highlighted in yellow). H indicates helix; E, strand; C, coil; G, 3/10 helix; T, H-bonded turn; and S, bend. spatial arrangement of these interactions is shown in the stereoviews of Fig. 6a and b, along with the interaction previously described between the ELC of the blocked head and the motor domain of the neighboring free head ("c" in Figs. 5b and 6a and b). After flexible fitting (Fig. 5b) , both the blocked-and free-head structures remained similar to the myosin "closed" conformation seen in the smooth muscle model 16 and in the original tarantula fitting 18 (Fig.  6c) ; however, the part of the free-head heavy-chain α-helix associated with the regulatory domain had an orientation midway between the closed and transition state pre-power stroke structures (1BR1 and 1DFL; Fig. 6c ). A comparison of this new model ( Fig.  5b ) with the refined smooth muscle model 16 [derived from Protein Data Bank (PDB) entry 1I84; without S2] and the atomic model published previously 18 (with S2) is shown in Supplementary  Fig. 2 .
The flexible fitting modifies the orientation of the cardiomyopathy loop (CM loop; Lys407-Val415) and the cardiac loop (C loop; Gln361-Asp380) of the free head by displacing them such that both loops fit better into the intramolecular tubes of density ("a" and "c" in Fig. 6b) . Thus, the motor domain of the free head interacts with the negatively 44 are marked with red boxes. UniProtKB ID code sequences (striated): Bombyx mori, Q1HPS0; Gryllotalpa orientalis, Q49M29; Riftia pachyptila, Q9GUA2; Clonorchis sinensis, Q2YHG1; Schistosoma japonicum, Q5DB55; Aedes aegypti, Q17HX1; Culex pipiens, Q45FA2; Anopheles gambae, Q7PUV3; and Drosophila melanogaster, P18432. (b) Sequence alignment of S2 from human cardiac 45 and chicken smooth 32 muscles. The S2 kink positions are indicated with red arrows: Met877 (human 45 ) and His888 (chicken 32 ). The black boxes show the two negatively charged rings, 45 1 (Glu905-Asp917) and 2 (Glu932-Gln946), of S2. charged ring 2 45 (Glu932-Gln946; see Fig. 3b ) of its own S2 (interaction "a"). The flexible fitting also modifies the RLC NTF from its initial predicted structure (Figs. 4 and 5a) to a final structure that better fits the intermolecular tube of density ("b" in Figs. 5b and 6b). An intermolecular interaction occurs between the Leu305-Gln327 interaction loop (I loop) of the free head and Met1-Asp3 of NTF helix L and Pro25-Ser35 of NTF helix P of the adjacent blocked-head RLC ("b" in Fig. 6b ). The new fitting also suggests that the intermolecular interaction previously described 18 is between the ELC of the blocked head and the C loop of the adjacent free head ("c" in Figs. 5b and 6a and b). Figure 6a shows two levels of interacting heads of a relaxed tarantula filament. Four helices 52 of interacting heads occur on the filament surface. The interacting heads appear to be kept in the helically ordered arrangement by the establishment of the nine interactions shown in Fig. 5d . Five interactions are intramolecular: between the CM loop of the free head and its own S2 ("a" in Fig. 5d ); between the motor domains of the free and blocked heads [15] [16] [17] [18] 30 ("d" in Fig. 5d ); between the motor domain of the blocked head and the ELC of the free head 16, 18 ("e" in Fig. 5d ); between the motor domain of the blocked head and its own S2 45 ("f" in Fig. 5d) ; and between the ELC of the blocked head and its own S2 ("g" in Fig. 5d ). Four interactions are intermolecular: between the RLC NTF of the blocked head and the I loop of the adjacent free head ("b" and " b' " in Fig. 5d ); between the ELC of the blocked head and the C loop of the adjacent free head 18 ("c" and " c' " in Fig. 5d ); between the SH3 domain of the blocked head and the S2 of the adjacent myosin molecule 18 ("h" in Fig. 5d ); and between the ELC of the blocked head and the backbone (not shown). The five intramolecular interactions presumably stabilize each interactinghead motif as a rigid unit, while the helical organization of motifs is established by formation of the four intermolecular interactions. Intramolecular interaction "a" and the two intermolecular interactions ["h" and the one between the blocked-head ELC and the backbone (not shown) in Fig. 5d ] would help anchor each interacting-head motif to the backbone. Taken together, these interactions appear to keep the myosin heads close to the thick filament surface and to minimize actin interaction and ATPase activity in the relaxed state.
Atomic model of tarantula thick filament

Discussion
The three-dimensional reconstruction
The three-dimensional map together with flexible atomic fitting reveals a new intramolecular interaction between the motor domain of the blocked head and its S2 ("a" in Fig. 1 ) and a new intermolecular interaction between the blocked-head RLC and the free-head motor domain ("b" in Fig. 1 ), in addition to the interactions previously described [16] [17] [18] 45 (Fig.  1) . The map shows specific density protrusions that match well with the fitted atomic structure (Fig. 5b) . The interaction between the blocked-head RLC and the free-head motor domain ("b" in Figs. 1, b and d, and 6a and b) may be a key element in the phosphorylation-mediated release of the myosin heads from the filament surface that occurs on activation. 8 The density in the RLC region of the reconstruction ("b" in Fig. 1 ) is explained in part by the greater mass of the tarantula (21,679.6 Da) compared with the smooth muscle RLC. This difference is included in the 5671.4 Da NTF, representing 26% of the RLC mass, which is absent from crystal structures of the myosin head. The tarantula RLC (196 aa) is one of the longest RLCs sequenced so far (111 species; range = 153-222 aa), with its 52-aa NTF belonging to the class of long NTFs (43-61 aa; Fig. 3a ; Supplementary Fig. 1 ). The functional significance of the diversity in NTF structures and lengths (especially between the long and short classes) and its relation to regulation are unknown.
The structure of the interacting-head motif
In the absence of a crystallographic structure for tarantula HMM, we built a hybrid HMM model (Fig.  5a ) for atomic fitting by including the crystallographic structure of human cardiac S2, 45 the refined chicken smooth muscle interacting-head structure, 16 and the tarantula RLC-predicted atomic structure (Fig. 4) . Flexible fitting of this model produced a final pseudo- Fig. 4 . Predicted atomic structure for the tarantula RLC obtained using the PredictProtein server. 33 The structure has three domains: domain 1 (helices A-D), domain 2 (helices E-H), and domain 3 (helices L and P). The predicted secondary structure for the 52-aa NTF (domain 3 or "phosphorylation domain" 13 ) is formed by the positively charged helices L and P (with phosphorylatable Ser35 and Ser45) connected by a Pro-Ala coil linker. The 8.5-nm IQ motif helix of the myosin heavy chain (Glu812-Phe855) is shown in light gray. atomic model (Fig. 5b ) that matched well with the three-dimensional map. The new model (Fig. 5b) agreed well with the general shape of the previous interacting-head atomic models 16, 18 ( Supplementary  Fig. 2 ). The main differences were in the precise S2 position, in the orientation of the CM loop, and in the RLC regions of both regulatory domains. Because we do not have a complete tarantula crystallographic structure available yet, the precise amino acids involved in the interactions shown in Fig. 5d cannot be deduced from our current atomic fitting, although the loops involved can in principle be identified when their densities protrude in a characteristic way, as discussed below. We are sequencing the tarantula ELC and myosin heavy chain to improve the initial atomic model and the flexible atomic fitting (Zhu et al. Both α-helices of the S2 atomic model were connected to the respective heavy-chain α-helices of the regulatory domains of the interacting heads ( Fig. 5a and c). The connection of the S2 N-terminal Ser853 (Figs. 3b and 5c) with the C-terminal Gln852 of the head structure shown in Fig. 5a required an unbending and torsion in the 6 and 8 intervening amino acids of the free-and blocked-head S2 N-terminals, respectively (Fig. 5c ), as shown in the structure of the headtail junction (Fig. 5b) . The flexing changed the relative position of the coil-coiled α-helices but not the kink position (Met888; Figs. 3b and 5a-c). The final structure showed an excellent fit of the coiled-coil α-helix into the tube of density ( Fig. 5a and b) . These unbending and torsion are in agreement with the results from crystallographic studies on the 10-14 N-terminal residues of the regulated scallop myosin S2 peptide construct, 53 which showed they were disordered. In contrast, the 126 N-terminal residues of the unregulated human cardiac myosin S2 peptide were found by crystallographic studies to be a straight parallel dimeric coiled coil. 45 Recent crystallographic and thermal studies on scallop myosin S2 peptide constructs 54 suggest that the N-terminal region of the S2 in regulated myosins has less stability than unregulated myosin S2, indicating that the uncoiling of the N-terminal region of the S2 may be key to its function in regulated myosins. 54 It has been shown previously that helical ordering of the myosin heads in thick filaments requires the "closed" conformation of the switch 2 element of the nucleotide pocket, preventing phosphate release. 55, 56 It has also been shown that blebbistatin stabilizes helical ordering by promoting the switch 2 closed state. [57] [58] [59] The model shown in Fig. 5b offers further insights into the specific conformation of the blocked and free heads in the relaxed filament. After flexible fitting (Fig. 5b) , both head structures remain similar to the closed conformation of the original HMM atomic model used, in agreement with these earlier results (Fig. 6c ) and with our previous fitting, 18 showing that the blocked head was in the closed conformation (i.e., MgADP-AlF4, PDB entry 1BR1) 16 ( Fig. 6c) . However, the free head, also in the closed conformation, shows a difference in the orientation of its heavy-chain regulatory domain, which is midway between the closed 1BR1 and transition 1DFL structures (Fig. 6c) . Fitting of the CM loop of the free head to the threedimensional map required some rearrangement of the 50K domain of the head, including some closure of the cleft between the upper and lower parts of the 50K domain. These structural differences between the freeand blocked-head structures, derived from the threedimensional map, may have functional implications. One possibility is that the apparent cleft closure and the specific CM loop orientation are required to guide the free head, detached after the power stroke, to establish the precise electrostatic docking interaction "a" (Figs. 1, 5b , and 6a and b) onto ring 2 45 of S2, a (Fig. 4) , the structure of human S2, 45 and the chicken smooth muscle HMM atomic model (without the S2). 16 The kink (red spheres) in the S2 was located at Met888, in agreement with Blankenfeldt et al. 45 [see 45 before (red α-helices) and after (blue and green α-helices) the flexible fitting, which only changed the position of the coil-coiled α-helices. The arrowhead indicates that the position of the kink (Met888) did not change before and after the flexible fitting. C-termini are Lys974 and Leu972 (top). N-terminus is Pro849 (red spheres, bottom). The connection of the two α-helices of the S2 with the two α-helices of the interacting-head regulatory domains was done between Ser853 and Gln852. The connection of the S2 N-terminal structure with the C-terminal structure of the heads required some unbending and torsion in the 6 (blocked head) and 8 (free head) intervening amino acids (see Results). (d) The nine interactions of the interacting-head motif in a relaxed thick filament, as viewed toward the filament surface [cf., panels (a) and (b) from above the filament surface]. The five intramolecular interactions ("a," "d," "e," "f," and "g") are between (a) the CM loop of the free-head motor domain (blue) and the S2 of the interacting-head motif (blue), (d) the blocked-head motor domain (green) and the free-head motor domain 16 (blue), (e) the blocked-head motor domain (green) and the free-head ELC 16 (purple), (f) the blocked-head motor domain (green) and the S2 of the interacting-head motif 45 (blue and green), and (g) the blocked-head ELC (orange) and the S2 of the interacting-head motif (blue). Four intermolecular interactions (b/b′, c/c′, h) are between (b/b′) the blocked-head RLC NTF (b, tan; b′, gold) and the I loop of the motor domain of the neighbor free head (b, gold; b′, blue); (c/c′) the blocked-head ELC 18 (c, orange; c′, gold) and the C loop of the neighboring free head (c, gold; c′, blue); and (h) the SH3 of the blocked-head motor domain 18 (green) and the S2 of the neighbor interacting head (pale blue backbone surface). An interaction between the blocked-head ELC (orange) and the backbone is not shown. The three-dimensional map is shown as a pale blue (backbone S2) or gold (up and low interacting-head pairs) surface.
requisite for reforming the helices of interacting heads. These structural differences could also preset the order in which the two heads are released on phosphorylation. The free head would be the one conformationally and properly located to be released first to interact with actin, followed by the blocked head (if required).
The structure of the blocked-and free-head regulatory domains
The predicted NTF tertiary structure was positioned in an arbitrary initial configuration (Figs. 4 and  5a) for the two heads and became rearranged during the flexible fitting and the associated MD energy minimization (Figs. 5b, 6a and b, and 7a-c) . The linker lengths for both heads increased after the flexing, while the lengths of helices L and P decreased ( Table  1 ). The accuracy of the secondary structure prediction for the NTF is only 80%; therefore, the beginnings and endings of the two α-helices may vary by ±3 aa. As a consequence of the flexing, the tertiary structure of the NTF of the blocked-head RLC appears to be more compact ("a" in Fig. 7 ) than the free-head NTF ("c" in Fig. 7) . The final atomic fitting (Fig. 5b) shows that the positioning of both RLCs on the free and blocked heads is not symmetric, in agreement with the asymmetry of the two-headed motif as a whole, including the asymmetric positioning of Ser35 and Ser45 on the two RLCs (Fig. 6b) .
Both phosphorylatable serines of the free-head RLC seem to be freely accessible to the MLCK as they are located in an exposed surface of helix P (Fig. 6b) . The corresponding serines on the blocked head are located in the more hidden region of the intermolecular interaction with the neighboring motor domain I loop (Fig. 6b) and a close free-head NTF facing it (Fig. 7b) , which could interfere with the MLCK access (Fig. 6b) . Differential MLCK access to the free and blocked serines may determine the phosphorylation sequence of the two heads. Two MLCKs have been reported in mouse skeletal muscle: 61 an skMLCK present in adult skeletal muscle and an smMLCK present in smooth, nonmuscle, cardiac, and skeletal muscles. Mass spectrometry results 61 suggest that skMLCK and smMLCK differentially phosphorylate the Ser16 or Ser15 in mouse skeletal muscle, favoring the possibility that two MLCKs may also exist in tarantula striated muscle (Zhu et al., personal communication): one phosphorylating the homologous Ser35 (possibly presetting the basal phosphorylation level) and another phosphorylating the homologous Ser45 (enabling the release of the heads when required after repetitive stimulation).
The new interactions
Flexible fitting of the atomic structure suggests the nature of the two new interactions, an intramolecular interaction between the CM loop of the free head and its own S2 ("a" in Fig. 6b ) and an intermolecular interaction between the I loop of the free head and part of helices L and P of the NTF of the adjacent blocked head ("b" in Fig. 6 ). It also reveals that the interaction between the blocked-head ELC and the adjacent free head 18 occurs specifically between the C loop of the free head and the adjacent ELC ("c" in Fig. 6 ).
The tube of density between the motor domain of the free head and its own S2 ("a" in Fig. 5d ) is well fitted with the CM loop. The positively charged CM loop is located in the tube of density such that it faces ring 2 of the closest α-helix of the coiled coil located ∼0.5 nm away. Ring 2 is one of the three negatively charged rings described in the human S2 crystal. 45 This intramolecular interaction could help electrostatically tack the free head to the closest position in the backbone of the thick filament by docking onto its own tail. This intramolecular interaction has not been seen in isolated myosin molecules, 17, 19, 20 suggesting that its formation requires the presence of a positioning backbone framework. R403 mutants were the first mutations to be shown to cause familial hypertrophic CM by linkage analysis. 62 This finding led to the adoption of the nomenclature "cardiomyopathy loop" to designate the loop on which the residue occurs. The close proximity and possible interaction of four S2 mutations (E924K, E927K, E930K, and E935K) to this CM loop (Fig. 8 ) may be helpful in understanding how mutations in the rod region of human cardiac myosin lead to disease. One intramolecular interaction ("f" in Fig. 5d ) has been reported 45 between ring 1 (Glu905-Asp917; Fig. 3b ) of the S2 The three-dimensional map is shown as a pale gray surface. (b) Stereo pair of intramolecular interaction "a" between the CM or CM loop (yellow ribbon) of the free head (Ile407-Val425 highlighted using balls and sticks; Arg411 residue is in yellow) and its own S2 (blue α-helix), intermolecular interaction "b" between the NTF (tan) of the RLC (yellow) of the blocked head and the neighbor motor domain free-head I loop (Leu305-Gln327 shown in balls and sticks; green ribbon), and intermolecular interaction "c" between the ELC of the blocked head (orange) and the C loop (Gln361-Asp380 shown in balls and sticks; red ribbon) neighbor motor domain free head (blue).
18 Glu932-Glu946 of the negatively charged ring 2 45 of S2 (Fig. 3b) is shown in a ball-and-stick representation. Ser35 and Ser45 are shown as pale blue and pale magenta spheres, respectively. (c) Stereo pair of a comparison of the blocked (green) and free (yellow) heads (Fig. 5b ) from tarantula myosin, with the published crystal structures known as the pre-power stroke closed (1BR1) 48 (red) and transition (1DFL) 49 (pale yellow) structures and the near (1DFK) 49 /post (2MYS) 10 /like (2OY6) 50 rigor (pink/light blue/purple) or detached internally uncoupled (1B7T) 51 (dark blue) open structures. The structures of the blocked and free heads used for the flexible fitting were assumed initially to be in the closed conformation 15 (Fig. 5a ). For clarity, the ELC and RLC have been removed. Note that the regulatory domain α-helices for 1BR1, 1DFL, and the blocked and free heads are in the same plane. The difference between the blocked-and free-head regulatory domain α-helices is mostly a change in angular orientation. and loop 2 Trp625-Ser647 of the actin binding interface of the blocked-head motor domain, suggesting that electrostatic interactions play an important role in stabilizing the off state. The intermolecular interactions between the motor domain of the free head and the ELC ("c" and "c′" in Fig. 5d ) and RLC ("b" and "b′" in Fig. 5d ) of the neighboring blocked head are well fitted with the C loop and the I loop of the free head (Fig. 5d) . A third intermolecular interaction ("h" in Fig. 5d ) 18 probably helps anchor Fig. 7 (legend on next page) the SH3 domain of the blocked head onto the neighboring S2 as it descends toward the thick filament backbone.
Ordering of the heads in relaxed thick filaments
Myosin heads protrude from their helical origins on the filament backbone every 14.5 nm axially. 45, [63] [64] [65] Once interacting-head motifs have formed at these origins during relaxation, how do these flexibly attached motifs form into the ordered helices of the relaxed state? This presumably involves the intermolecular interactions we have described. Each motif appears to bind to an adjacent S2 via the SH3 motif of its blocked head 18 ("h" in Fig. 5d ), while axially adjacent motifs interact via the interactions between the ELC of the blocked head and the C loop of the free head 18 ("c" and "c′" in Fig. 5d ) and the NTF of the RLC of the blocked head and the I loop of the adjacent free head ("b" and "b′" in Fig. 5d ). These three intermolecular interactions may serve to tack down the flexibly attached heads in regular positions reflecting their origins in the filament backbone, 66 at the same time keeping the heads away from the actin filaments and inhibiting their ATPase activity. This stable conformation of the relaxed thick filament would help maintain the shutdown state.
The structural mechanism of thick filament activation
The structural basis of myosin activation via RLC phosphorylation, leading to release of myosin heads from their helices in the thick filament, remains unknown. 66 The effect of RLC phosphorylation in striated muscle has been explained as a loosening of the myosin heads from the thick filament backbone, 8, 25, 26, 60, 67, 68 causing disordering. It has been suggested that the restricted mobility of the relaxed state may be due to electrostatic interactions between positively charged amino acids near the phosphorylatable serine of the RLC and an adjacent structure 60 and that reduction of the net charge by phosphorylation would be the simplest mechanism to weaken this effect. 60 The positively charged amino acids in the NTF have been shown to be important for the catalytic activity of MLCK. 69 The 52-aa-long tarantula NTF belongs to the long N-terminal class ( Fig. 3a; Supplementary Fig. 1 ), which contains many Lys and Arg residues near the N-terminus (Fig. 3a) . There are 14 positively charged amino acids in the NTF of tarantula, which, together with the 8 negatively charged amino acids, give a total net positive charge of 6. Phosphorylation of Ser35 could reduce this to 4 positive charges; additional phosphorylation of Ser45, to only 2 positive charges. Phosphorylation could induce the formation of two Arg-phospho-Ser salt bridges in helix P similar to the Arg16-phospho-Ser19 for the smooth muscle RLC, 27 one possibly between Arg42 and phospho-Ser45, and another -less strong -between Lys32 and phosphoSer35. MD simulations of the de-and phosphorylated tarantula NTFs are in progress to test this point. The structural model proposed by Nelson et al. 13 suggests that phosphorylation of the smooth muscle NTF increases its helical order, internal dynamics, and solvent accessibility, causing a decrease of head-head interactions and activating myosin. MD simulations 27 have helped refine this model. It was found that phosphorylation causes a disorder-to-order transition in residues Lys11 to Ala17, converting a dynamically unstructured region to a stable α-helix, with formation of a salt bridge between phospho-Ser19 and Arg16. Atomic fitting of the tarantula reconstruction shows that the dephosphorylated blocked-head NTF fits well into the density, corresponding to the new intermolecular interaction ("b" in Fig. 6b ) in the tarantula filament switched-off state. In this case, phosphorylation of the RLC NTF at the homologous Ser45 could also induce a disorder-to-order transition, weakening the intermolecular interaction, as with smooth muscle myosin.
The atomic structure shown in Fig. 5b suggests that the 52-aa blocked-head NTF (27 aa longer than the 
The table shows starting and ending amino acids and the amino acid lengths. Fig. 7 . The structure of the tarantula RLC in the atomic model following flexible fitting. The top row (a-c) shows the flexed RLCs (in ribbons) from the blocked (a; yellow/orange), blocked and free (b), and free (c; red/pink) heads. The NTF structures are asymmetric: the blocked-head NTF (a; orange) exhibits a more compact conformation than the free head (c; pink). The second, third, and fourth rows show the RLC electrostatic surface charges (blue as positive and red as negative) for the whole RLCs (d-f), the RLC without their NTFs (g-i), and the NTFs alone (j-l). The bottom row (m and n) shows the elongated NTF (m, ribbon; n, surface charge; arrows: Ser35 and Ser45). In relaxed muscle, the NTF of the dephosphorylated blocked-head RLC (a,d) exhibits a compact conformation (j) that enables the interactions shown in Fig. 5d , while the NTF of the basal Ser35 phosphorylated free-head RLC (c and f) is partially elongated (l). Both positively charged L helices are packed-due to complementary charges (see Supplementary Movie 1)-against the blocked-head domain 1 (cf., Ref. 60; see Discussion). If phosphorylation in Ser45 of the free-head RLC produces elongation of its NTF (m and n), this could release the free head, exposing the blocked-head NTF, which in turn could be phosphorylated at Ser45 and elongated (m and n), and the blocked head could be released. This mechanism could explain how RLC phosphorylation weakens the head-head interactions, releasing them so they can interact with the thin filament.
short 25-aa-long smooth muscle NTF) compacts itself (Fig. 7a) in the small intermolecular interaction density "b" shown in Fig. 6b . In contrast, the freehead NTF, which is not engaged in any intermolecular interaction, adopts the structure shown in Fig. 7c , which is less compact than that in the blocked head (Fig. 7a) , but not the fully elongated structure expected when it is Ser45 phosphorylated (Fig. 7m  and n) . Under relaxing conditions, the heads are ∼35%-50% monophosphorylated, 46 and liquid chromatography-tandem mass spectrometry shows that this is on Ser35 (Brito et al., unpublished results). It seems likely that this would represent mainly phosphorylation of the free head, based on the greater accessibility of its phosphorylation sites (Fig. 6b) . If so, this would imply that 70%-100% of the free heads are basally phosphorylated. This structural information (Figs. 6b and 7a-c) , together with EPR 13 and MD evidence, 27 suggests that in tarantula striated muscle, the compact NTF (Fig. 7a) of the unphosphorylated blocked head and the less compact NTF (Fig. 7c) of the Ser35 monophosphorylated free head could elongate when they are Ser45 phosphorylated (Fig. 7m and n) , weakening the interactions and releasing the heads.
Putting together biochemical, 8, 46 in vitro motility (Guerrero et al., unpublished results), and liquid chromatography-tandem mass spectrometry results (Brito et al., unpublished results), we suggest that in the relaxed state, tarantula striated muscles exhibit a degree of basal Ser35 phosphorylation in their free heads (presetting the basal level of force production), which are able to interact rapidly with actin when the troponin-tropomyosin switch on the thin filaments is activated by Ca 2+ . Phosphorylation of Ser45 of the free and blocked RLCs on longer-term activation could recruit additional heads, increasing force.
Materials and Methods
Sequencing
Total RNAwas isolated from the flexor metatarsus longus striated muscle of the legs of the tarantula A. avicularia in the presence of Trizol ® (Invitrogen) to clone the RLC gene (rlc Aa ). An initial cDNA was obtained using oligo d(T) and an internal degenerate primer, designed against the uniquely conserved region of published RLCs. Nucleotide sequence analysis of the 315-bp fragment amplified allowed the design of two gene-specific primers over the carboxyterminus (GSP2: 5′-GGTGCAAAAGAAGAGGGAGCT-3′). The cDNA for the entire rlc Aa transcript was obtained using these gene-specific reverse primers and a 5′ RACE kit (Invitrogen). The amplified 591-bp product was sequenced and verified with available RLC sequences. The RLC sequences from tarantula striated muscle and other species with long NTFs were aligned using ClustalX 70 ( Fig. 3a) .
Image processing and three-dimensional reconstruction
Low-dose electron micrographs of frozen-hydrated thick filaments 18 (1008 filament halves) were digitized at 0.248 nm/pixel using a Nikon Super Coolscan 8000 ED scanner. Filaments were aligned with the bare zone at the top to ensure correct polarity in subsequent steps. A total of 15,504 segments, each 62 nm long, with an overlap of 55.8 nm and containing ∼40,000 unique pairs of interacting heads went into the reconstruction. Three-dimensional single-particle reconstruction was carried out by a Fig. 8 . Five of the reported mutations in the myosin head heavy chain and S2 associated with familial hypertrophic CM. Myosin heavy chain: R403Q, R403L, or R403W (orange sphere) in the CM loop (yellow) and E924K (grey spheres), E927K (pink spheres), E930K (cyan spheres), and E935K (yellow spheres) in the negatively charged ring 2 of S2, 45 facing the CM loop. The side-chain orientations at the interface of the loop may be unreliable as this is not a structure determination down to atomic detail but a prediction at an amino acid level of detail. See the legend to Fig. 6b . modification of the IHRSR method [29] [30] [31] 71, 72 using SPIDER. 73 We used the tarantula negatively stained threedimensional map as an initial reference model, 52, [74] [75] [76] which was axially rotated, axially shifted, and tilted out of plane 30, 31 up to ±12°for projection matching, giving a total of 45 × 7 × 13 = 4095 projections (13 tilted projections ±12°every 2°), 45 reference rotated projections (0°-90°, 2°r otation angle), and seven image axial shifts of 2.2 nm. The new three-dimensional map shown in Fig. 1 combines about  10 ,700 of 15,504 filament segments, a yield of 69% of included segments. The three-dimensional map was Fourier filtered to 2-nm resolution (see Supplementary Fig. 3a and Methods).
Atomic model for three-dimensional fitting
We created a hybrid atomic model of HMM using the refined chicken smooth muscle HMM atomic model 16 (derived from PDB entry 1I84; 15 atomic coordinates were kindly provided by Dr. Kenneth Taylor) in which we replaced the human cardiac myosin S2 crystallographic structure 45 and both RLC structures with the predicted RLC structure from tarantula striated muscle, including a predicted NTF secondary structure (Fig. 4) . In this model, the two heads consist of the high-resolution X-ray structure of the smooth muscle motor domain plus ELC (called MDE) with bound MgADP.AlF 4− (PDB entry 1BR1), 48 together with the skeletal muscle RLC and its associated heavy chain (PDB entry 2MYS). 10 The motor domain conformation therefore corresponds to the structure of the myosin head in which the γ-phosphate pocket is closed and the lever arm is "up," approximately perpendicular to the thin filament axis, as reported for the ADP.AlF 4− , ADP.Vi, and ADP.BeF x states. 49, [77] [78] [79] The HMM model consists of two of these S1s with their COOH termini moved closer together to achieve a better fit, accomplished by an ∼20°rotation of the lightchain binding domain. 15, 16, 18 
S2 atomic model
Wendt et al. 15 were uncertain of the position of S2 in their atomic model, while in the thick filament reconstruction, 18 a rod-like volume of density about 30 nm long was observed running from the junction of the light-chain domains toward the backbone and therefore identified as the first portion of S2. The human cardiac S2 crystallographic structure (human cardiac β-myosin II S2-Δ, 126 aa, P838-K963) 45 has been reported, and we have used it (atomic coordinates were kindly provided by Drs. Ilme Schlichting and Wulf Blankenfeldt) to match this rod-like density. This density in the three-dimensional map is not straight (Fig. 1) but has a bend of ∼23°about 5.7 nm from the head-tail junction. We made a preliminary visual adjustment of the S2 atomic structure with a kink at Met888 45 to match this bend and the head-tail junction in the three-dimensional map. We then connected the two α-helices of the S2 atomic model to the two α-helices of the interacting heads as shown in Fig. 5a and performed energy minimization of the intervening amino acids by MD using the Chimera MD module. 80 
RLC secondary structure prediction
We predicted the secondary structure of the tarantula myosin RLC from its amino acid sequence (Fig. 2 ) using 11 program packages: PROFsec, 33 JPRED, 34 PSIPRED, 35 HNN, 36 SAM, 37 SOPMA, 38 Sspro, 39 HMMSTR, 40 NNPred, 41 3D_PSSM, 42 and PHYRE. 43 The predicted structures were similar in all cases. For tarantula, the myosin RLC included 10 helices: 8 (A-H, Fig. 2 ) correspond to the two helices of each of four EF-hand motifs as determined by X-ray crystallography 10 and 2, which we have called L and P, are located in the NTF (Fig. 2) . The prediction of these new helices, L and P, is in agreement with other secondary structure predictions 27 and MD simulations. 27 
RLC-predicted atomic model
We used the tarantula RLC sequence to obtain the predicted atomic model (Fig. 4) from Tyr53 to Ala196, using the PredictProtein server, 33 choosing the scallop RLC (PDB entry 1B7T) 51 X-ray crystallographic structure. The predicted secondary structure of the 52-aa NTF was used to predict the tertiary structure of this region using de novo and template modeling methods. 33 The complete 196-aa tarantula RLC atomic model was assembled bonding both the homology RLC-predicted atomic structure and the de novopredicted structure model of the NTF, as shown in Fig. 4 . The NTF model was positioned in an arbitrary initial configuration to allow a further rearrangement during the flexing fitting procedure (Fig. 5a ).
Flexible atomic fitting
We first attempted a rigid-body fitting of the atomic model shown in Fig. 5a into the three-dimensional map using the "colores" tool of Situs. 81 This allowed us to create a mask for a single HMM unit by low-pass filtering of the docked atomic structure (yellow in Fig. 1 ). The mask was used with Situs tools to segment and subtract densities from neighboring symmetry-related subunits 52 to obtain the density of a single HMM from the helical three-dimensional map. This single HMM map can then be compared with the atomic structure. Rigid-body docking of the atomic model to the single HMM map was not satisfactory with respect to the position and direction of the S2 subunit, the RLC conformations of both heads, and the conformation of the 50K domain of the free head, even when performed independently for each structural subunit. Therefore, we subjected the predicted atomic model (Fig. 5b) to flexible docking to characterize the observed changes. The flexible docking procedure is based on a connected "motion capture" network of identified features within the atomic model. 82 The atomic model is allowed to move according to displacements tracked by 31 control points defined by the network in order to find the best match to the cryo-EM map (Fig. 5b) . The number of control points was judged to be sufficient for capturing the shape details of the single HMM map that occupies a volume of 620 nm 3 at the isocontour level shown (Fig. 5b) . The number of independent pieces of information contained in the threedimensional map is then 620/2 3 = 77.5. This number comprises an upper bound for the number of recognizable features in this particular volume. Our conservative choice of 31 points (corresponding to a spatial resolution of 2.7 nm in our reduced network) was slightly below this upper bound to avoid overfitting of the data.
The longitudinal distance constraints in the motion capture network were assigned manually 83, 84 by following the connectivity of the polypeptide chain to ensure robustness of the control points during the shape change. We found by trial and error that robustness was best achieved by affording more flexibility to the RLC regions and to the 50K domain in the free head by eliminating some constraints on the motion in these regions. The final network used for the automated flexing is shown in Fig. 5b . We performed the flexing by adding a constraint energy function to the Hamiltonian of a MD simulation that penalizes global shape differences between the data sets. 82 In the MD run, we added 116 buried water molecules predicted by DOWSER 85 to the system, resulting in a total system size of 25,715 atoms. We expect that at 2-nm resolution (see Supplementary Fig. 3a) , the flexing faithfully reproduces conformational differences with a precision of 0.3 nm if atomic structures are locally conserved. 82 Side chains are rearranged automatically to accommodate global conformational changes. Otherwise, the algorithm leaves the initial structure intact on the local level. Whether this assumption holds depends on the extent of the conformational rearrangement, which is not known a priori. However, it has been shown that only about 7% of protein domain rearrangements documented in the PDB are irregular motions where the tertiary structure is significantly perturbed. 86 Therefore, it is plausible, at least for predominantly hinge-and sheartype domain motions exhibited by HMM, that the lowresolution flexible fitting is performed with a precision of single amino acid residues. Inspection of the computergenerated flexed model (not shown) revealed slight discrepancies between a low-pass-filtered atomic model and the full helical three-dimensional map due to the omission of symmetry-related contacts. The flexing is limited to single molecules 47, 82, 83 and required the above mentioned masking and editing of subunits. Also, the modeled N-terminal RLC region of the blocked head exhibited an unsatisfactory overlap with the corresponding EM density before flexing due to structure prediction (see above) that did not consider shape information. Since the motion capture assumes that the shape of features remains similar during flexing (a requirement for finding a robust representation for the deformation), the flexing initially overcompensated the shape discrepancy with an unrealistic compression of the N-terminal region of the blocked RLC. We therefore slightly modified the original approach for the present case by manually accounting for the initial discrepancies due to symmetry and modeling. Discrepancies were first computed and visualized based on difference maps between low-pass-filtered atomic structures and the three-dimensional map. Subsequently, the network distance constraints were relaxed and control points in the most flexible RLC regions, in the free head, and in the S2 region were moved manually to minimize observed discrepancies. This manual "touch-up" of the computergenerated model was judged independently by three authors (W.W., L.A., and R.P.). The manual difference map-assisted movements of control points were on the order of the docking precision (RMSD = 0.38 nm) and small compared with the overall motion. The final atomic model is shown in Fig. 5b , and the final flexing-induced RMSD in this atomic model was 0.74 nm. The atomic models were displayed using Chimera 80 and Visual Molecular Dynamics. 87 The surface charge was calculated using the program APBS (Adaptative PoissonBoltzmann Solver) 88 (a VMD plug-in).
Accession numbers
The tarantula myosin RLC DNA sequence has been deposited into the GenBank (accession no. EU090070), the frozen-hydrated tarantula thick filament three-dimensional map has been deposited into the Electron Microscopy Data Bank (code EMD-1535), and the atomic coordinates of the tarantula myosin II interacting heads have been deposited into the Research Collaboratory for Structural Bioinformatics PDB (code 3DTP).
